INDIA
Introduction and Background of the Project
In this project we had proposed to take up the calculation of xenon apparent emission-excitation cross sections for emission lines that have diagnostic value in the analysis of Xe-propelled electric thruster plasmas. In fact, these cross sections are vital for models that are necessary for proper integration and lifetime predictions of Hall effect thrusters. The experimental measurement of cross section and plasma related analysis in this connection have been in progress and are being carried out by Dr. R. A. Dressler and his group at the Air Force Research Laboratory, Hanscom AFB [1] . To supplement this work we had planned to perform at I.I.T.
Roorkee in India reliable calculations for electron impact excitation cross section to provide relevant cross section data needed for the study of xenon propelled electric thrusters. Below we briefly introduce the xenon propelled electric thrusters.
An ion engine relies on electrically charged atoms, or ions, to generate thrust. Xenon, an inert, noncombustible gas, is electrically charged and the ions are accelerated to a speed of about 62,900 miles per hour (30 kilometers per second). The ions are then emitted as exhaust from the thruster (see figure below of an ion engine for illustration), creating a force, which propels the spacecraft in the opposite direction. The primary advantage of electric propulsion is efficiency.
An ion engine is 10 times more efficient than its alternative, a chemical propulsion system. With xenon, it is possible to reduce propellant mass onboard a spacecraft by up to 90 percent. The advantages of having less onboard propellant include a lighter spacecraft, and, since launch costs are set based on spacecraft weight, reduced launch cost.
The use of these electrostatic thrusters, however, poses new challenges regarding their proper engineering and integration on satellites. Precise modeling of the satellite plasma environment is required. A suitable approach is required for analyzing xenon-propelled Hall thruster optical radiation based on apparent electron and ion impact emission cross sections associated with lines in visible and near-infrared region of the spectrum.
The current proposal addresses as a first step to get accurate theoretical electron impact cross sections for the processes where initially excited metastable states viz. 1s 3 and 1s 5 of xenon are excited by electrons to the 2p n states with n =1,10 in Paschen's notation. For these excitations no other theoretical calculations are available and also scarce experimental data have been reported [2, 3] .
We address here in this project the Hall effect thrusters (HET), which are a high-specific impulse alternative to chemical propulsion systems of spacecraft [1, 4] . In HETs, a gas, typically xenon or krypton, is efficiently ionized in a discharge, and positive ions are electrostatically accelerated to generate thrust. The performance, plasma characteristics, and durability of HETs are extensively evaluated both in ground-based test facilities and in space. Basic characteristics of HET plasmas, such as charge species densities and temperatures have been traditionally measured by various plasma probes. However, at HET conditions, traditional plasma-probe diagnostics are affected by problems such as the perturbation of the local environment by the probe, the complexity associated with interpreting the probe characteristics, and detrimental effects in regions of high temperatures (e.g., in the HET discharge). Consequently, HET plasma parameters reported from probe experiments exhibit significant disparities. Optical plasma diagnostics circumvent these problems and are thus an attractive alternative to probe measurements.
A key component of collisional radiative model (CRM) is a set of emission cross sections associated with the energy transfer processes that lead to population of states that radiatively relax through emission in the spectral region of interest [1, 4] . Proper implementation of a CRM has been primarily hampered by the lack of a comprehensive cross section set. In fact, these cross sections are vital for models that are necessary for proper integration and lifetime predictions of Hall effect thrusters (HET). If we focus on emission excitation cross sections for Xe propelled HETs, the optical radiation arises from electron -xenon atom collisions, of which the most important contribution can be assumed to be coming from following excitation 
The asterisks in processes (1) and (2) [3] . Thus it is important to include these processes in the modeling of plasma which is prime objective of the present project.
Outline of the work done
• Electron impact excitation of xenon atoms from metastable states to upper 2p n (n = 1-10) excited states have been considered. • Excitation cross sections are calculated using the Relativistic distorted-wave (RDW) theory.
• Fine-structure atomic states are represented by multi-configuration Dirac-Fock wave functions.
• Continuum projectile electron distorted waves are obtained through Dirac equations.
• Calculations are compared with experimental results [2] .
• The cross sections are incorporated in the CRM model i.e. in the analysis of Xe-propelled electric thruster plasmas, being carried out by Dr. R. Dressler at AFB, Hanscom [1, 4] .
Detailed Description of the Work

Energy levels of Xenon
• The ground state of xenon has 5
• The first excited state has a 5 with J = 0, 1, 1, 2.
• The states with J = 0 and 2 are long
• We consider the electron exc lying 5p 5 6p configuration having ten excited states.
The figure below shows the energy levels of the xenon
Detailed Description of the Work done
Energy levels of Xenon of xenon has 5p 6 configuration.
excited state has a 5p 5 6s configuration with four fine = 0, 1, 1, 2.
= 0 and 2 are long-lived metastable states i.e. 1s
We consider the electron excitation of these two metastable states configuration having ten fine-structure levels i.e. 2
The figure below shows the energy levels of the xenon four fine-structure levels i.e. 1s 3 and 1s 5 states.
two metastable states to the higher i.e. 2p n (n = 1-10)
Description of the states in relativistic j-j coupling scheme
The ground states of the noble gases have an np 6 outer shell in the nonrelativistic representation where n = 5 for xenon.
In the relativistic j-j coupling scheme, this shell is broken into two subshells and represented as 
Calculation of Excitation Cross Sections in Xenon
For cross section calculation we use relativis features of the RDW are as follows:
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• As relativistic effects shou heavy atoms where spin relativistic effects.
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Calculation of Excitation Cross Sections in Xenon
For cross section calculation we use relativistic distorted wave (RDW) method. The salient features of the RDW are as follows:
Salient features of RDW method
elativistic effects should be included in the study of electron impact excitation of heavy atoms where spin-orbit effects are important, our method incorporates full Our method considers directly the fine-structure target states ncludes spin-polarized electrons in a natural way.
Calculation of Excitation Cross Sections in Xenon
tic distorted wave (RDW) method. The salient electron impact excitation of , our method incorporates full structure target states without any
• Our Relativistic Distorted Wave (RDW) method involves solving the Dirac equations to describe both the bound and continuum electrons.
• The relativistic effects are thus incorporated to all orders in a natural way.
Brief Description of RDW Theory
The distorted-wave T-matrix for the electron impact excitation of an atom having N electrons and nuclear charge Z from an initial state i to final state f can be written as (atomic units are used throughout)
where V is the target-projectile interaction given by The spin-angular state is characterized by quantum number κ, which is defined as
The radial parts f κ (r) and g κ (r) are obtained from the Dirac equations
Here U is distortion potential and W is exchange terms Dirac equations are solved using the boundary conditions 
Calculation of the Atomic wave functions
The metastable states are single configuration wave functions.
The excited 2p n states are linear combinations of the 5p 5 6p configurations with the same J value.
The mixing coefficients c i 's of the various configurations to the fine-structure levels of the final states are given in tables 1. These wave functions are Dirac-Fock wave functions calculated from the GRASP92. To optimize the wavefunctions obtained, we have compared in 
Xenon Cross Sections: Results, Discussion and Conclusion
We observe that the transitions we considered are of the following type
• Transitions from the 1s 5 J = 2 state are allowed to the 2p n states with J = 1, 2, 3.
• Transitions from the 1s 3 J = 0 state are allowed only to the 2p n states with J = 1. • All other transitions are forbidden but the transition from 1 with J = 3 is identically zero in a first
The figure below shows diagrammatically states to 2p n states of Xe 12.9306 2.5839 2p 6 -2.3348 2p 5 --2p 4 2.4934 1.3368 2p 3 -1.2852 2p 2 2.3252 1.2952 2p 1 --These fitted cross sections, thus, allow us to predict the cross section at any desired energy and can be easily used in plasma modeling as such.
Fitting of the calculated allowed transition cross sections
At larger energies we find that the cross sections for forbidden transitions behave as E -3 where E is the energy of the incident electron.
Comparison of our cross sections with available experimental results
Jung et al [2] have recently published measurements of cross sections for the excitation from the metastable 1s 5 state of Xe to the {2p 5 -2p 10 } manifold. Only two of these transitions (2p 6 and 2p 8 ) were measured at higher energies. For excitation to the J = 1 states, which are allowed transitions from either of the metastable initial states, those that involve a change of core configurations are several orders of magnitude smaller than those that don't. We note that the cross section for the 1s 5 -2p 7 transition is much smaller than for the others without a change in core which is in conformity with the magnitudes of the oscillator strengths.
We compare our results with the measured cross sections of Jung et al [2] in Figures 1 and 2 . Our cross sections agree reasonably well with the measured cross sections at larger energies for the excitation of the 2p 6 and 2p 8 states but there is a systematic deviation as the incident electron energy decreases being roughly a factor of two larger around 8 eV. The agreement with those transitions which were not measured at higher energies is comparable to these two cases. Our cross sections are always above the measured values at 8 eV with the exception of that for the 2p 5 state which may imply that cascade contributions from more highly excited states are larger in this case as suggested by Jung et al [2] . The following conclusions can be drawn from the above presentation of our results • The RDW method has been shown to be applicable to transitions between excited states.
• Since the excitation energy of these transitions is relatively small, first-order theories are valid at lower energies than for excitations from the ground states.
• The accuracy of the cross section depends crucially on the accuracy of the oscillator strengths obtained from the target wave functions.
• The use of a relativistic formalism (j-j coupling) clearly explains the huge variation in the magnitudes of these cross sections.
• We have presented here our selected results and these are now published [7] and presented at various conferences (see the section of list of publications).
• Our entire results published and unpublished will be utilized in the future modeling calculations.
• We have achieved our target and obtained the aimed metastable excitation cross section results of xenon required for the CRM model of Dressler and co workers [1, 4] and these are being tested and new plasma modeling results are under calculation.
Application of Cross sections to CRM Model of Dressler and co workers
We have been informed that our calculations of electron-excitation from the 5p 
Future Work
In the light of recent experimental results of Jung et al [8] we have carried out relativistic distorted wave calculations for electron impact excitation of the ten higher-lying fine-structure levels of the 3p 5 5p configuration of argon from the lowest metastable states (the J = 0, 2 levels of the 3p 5 4s configuration). We compare our theoretical results with their experimental results and discuss the differences from the similar excitation to the 3p 5 4p levels from the same metastable states [9] . In the light of this work on argon, we feel that in xenon also the electron impact excitation of the ten higher-lying fine-structure levels of the 5p 5 7p configuration from the lowest metastable states (the J = 0, 2 levels of the 5p 5 6s configuration) possibly can contribute. This has to be tested and we are currently working on this aspect as well. In addition, as pointed out by the Hanscom group that the electron excitation of Xe + ion can influence the results of CRM model, we would therefore, like to test this as well. Currently, we are also planning to extend our RDW calculations to the excitation of Xe + ions which will be our future work.
